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In the boreal plains ecozone, black spruce (Picea mariana) peatlands can represent large parts of the expanding wildland-urban interface (WUI) and wildland-industry interface (WII). The boreal plains wildfire regime is predicted to increase in areal extent and intensity, amplifying the need for wildfire management to protect the WUI and WII. Forested peatland ecosystems can burn at high intensity and present challenges for wildfire managers such as severe smouldering combustion and large carbon loss. Fuel management techniques such as mulching treatments (converting surface and canopy fuel to a masticated fuelbed) can be applied to black spruce peatlands, yet the impact on fuel load, condition and peat burn severity is unclear. Using observations from an experimental fire we found that a mulch-thinning fuel-treatment could reduce peat depth of burn. However, where peat bulk density was increased by compaction, this led to an increased peat combustion carbon loss relative to the control. Furthermore, neartotal combustion of the mulch layer resulted in significantly more surface fuel carbon emission from thinned and stripped fuel-treated areas compared to the control. We argue that while fueltreatment may benefit smouldering combustion suppression efforts, surface fuel carbon loss should be considered before treatments are implemented on a large scale.
D r a f t

Introduction
The areal extent, frequency and intensity of wildfires across Canada's boreal region are predicted to increase under future climate scenarios (Flannigan et al., , 2013 , while urban and industrial land-use area continues to expand (Robinne et al., 2016) . Consequently, the need for effective wildfire management in the wildland-urban interface (WUI) and wildlandindustry interface (WII) is increasing (Flannigan et al., 2009; Seto et al., 2011) . The boreal plains ecozone (BP) spans continental western Canada where wildfire is the dominant disturbance (Turetsky et al., 2002) and 21 % of the land area is covered by peatlands (Vitt et al., 2000) . This is especially important because while peatlands can act as fire-breaks on the landscape (e.g. Shetler et al., 2008) , recent research has shown they can not only sustain high intensity fires (Johnston et al., 2015) but may aid in the development of large fire events (Flannigan et al., 2009) . The densely treed, black spruce (Picea mariana) dominated peatlands present the greatest peatland fire management challenge in the BP because their total fuel accumulation is comparable to upland forest stands (Thompson et al., 2017) and they are the dominant peatland type by area (ABMI, 2016) . Peatlands in the BP can sustain dense black spruce stands (>6000 stems/ha) on peat over 3 m deep and can accumulate canopy fuels capable of carrying a crown fire after ~80 years since fire (ysf) (Johnston et al., 2015) , in a landscape where the average fire return interval is 120 years (Turetsky et al., 2004) .
The ground surface of mature (>80 ysf) black spruce peatlands is often dominated by feathermosses that have poor water retention and can become extremely dry and hydrophobic (Moore et al., 2017) , causing them to be readily flammable. Depending on the peat fuel load and condition (i.e. peat bulk density and moisture content), the heat energy input from fire can lead to the propagation of smouldering combustion (Van Wagner, 1972; Benscoter et al., 2011) . Where peat is dense and moisture content is low, peatlands can sustain smouldering D r a f t 4 combustion >1 m deep into the peat profile (Lukenbach et al., 2015; Wilkinson et al., 2017) .
Smouldering combustion occurs at a lower temperature (~300 C) than flaming combustion (>800 C), however, slow movement, long residence times and vertical penetration into the peat profile can lead to challenging suppression scenarios and high resource demand for suppression (e.g. Davies et al., 2013) . Peat smouldering also releases particulate matter, carbon dioxide and trace metals into the air causing both visibility and air quality issues (Shaposhnikov et al., 2014 ) that exacerbate fire suppression challenges. Overwintering and re-ignition of surface fires have also been highlighted as key issues associated with peat smouldering fires, making them challenging and costly issues for fire managers.
Fuel treatment is one component of FireSmart Canada's approach to community wildfire risk mitigation. The primary aim of fuel treatment is to reduce forest fuel ignition potential, reduce fire intensity and aid in the efficacy of fire suppression efforts, whilst minimizing the socioeconomic impacts of wildfires (Hirsch et al., 2001) . Due to the constraints of administering landscape-scale prescribed fires in the WUI and WII, management goals are usually achieved by the implementation of fuel modification treatments, such as thinning and mulching treatments (Hirsch et al., 2001; Agee and Skinner, 2005) . Mulching uses equipment such as rotary drums to reduce the amount and connectivity of forest fuels by mechanically masticating surface fuels and standing trees. Crown bulk density is reduced and easily available surface and ladder fuels are converted to a compacted masticated fuelbed on the ground surface (Kane et al.,2009) . In Canada, the testing and implementation of the two common mulching techniques (mulch-thinning and strip-mulching) is usually limited to upland forest stands (Agee and Skinner, 2005; Hudak et al., 2011; Stephens et al., 2012) . Consequently, the effect of mulching treatments on black spruce peatland fuel load and condition is a critical research gap and is currently unknown.
D r a f t
Fuel management operations using heavy machinery will likely compress the peatland surface, increasing near-surface peat bulk density (Brais and Camiré, 1998) . If the increased fuel density is not offset by increased moisture content smouldering combustion can propagate downwards and peat burn severity i.e. depth of burn, will increase (Van Wagner, 1972; Benscoter et al., 2011) . Alternatively, the "mulching effect" may reduce depth of burn by reducing evaporation from the moss surface and maintaining high peat moisture content (Price et al., 1998; Kreye et al. 2012) , moisture retention may also be increased through compression (Golubev and Whittington, 2018) . Since the relative strength of each feedback is currently unknown, so too is the effect of fuel management on peat burn severity and carbon loss. Therefore, the aims of this study are: 1) to assess the impact of two common fuel treatments on peat fuel load and condition (bulk density and moisture content) 2) to evaluate peat burn severity and surface fuel carbon loss from fuel-treated stands and a Control stand, and 3) to suggest pathways for future research and the development of best practice fuel treatments in black spruce peatlands.
Methods
Study area
This research was conducted at the Red Earth Creek Research site (56.547N, 115.107W), 5.5 km east of the hamlet of Red Earth Creek, Alberta, Canada. The area is located in the central mixed wood region of the BP, comprising of deciduous uplands and black spruce lowlands although relief is usually limited (Natural Subregions Committee, 2006) . The region has a subhumid climate where potential evapotranspiration exceeds precipitation by an average of ~30 mm annually (Environment Canada, 2013) . More than 50 % of annual precipitation occurs in May-September, however, average daytime temperatures of >21C, low relative humidity, and D r a f t 6 frequent drought periods can cause high fire danger ratings (Environment Canada, 2013; Amiro et al., 2005) .
The overstory species within the study site was 100 % black spruce [Picea mariana (Mill.) B.S.P.], with a Rhododendron groenlandicum dominated understory. Surface vascular vegetation also included Rubus chamaemorus, Vaccinium oxycoccos and Equisetum species.
Moss cover was primarily feathermoss; Pleurozium schreberi, with some Ptilium cristacastrensis and Hylocomium splendens. Sphagnum fuscum was present on some hummocks and other Sphagnum species in intermediate and lower (hollow) areas. The ~120-year-old black spruce stand grows on 2-3 m of peat which is then underlain by clay. This vegetation community and peat depth is representative of mature black spruce peatlands often found in proximity to communities in the area (Housman, 2017) .
Fuel treatments and sampling
In addition to a Control treatment, the site was divided into two forest stand treatments that are frequently applied in the Lesser Slave Wildlife Management Area: (1) mulch-thinning; and (2) strip-mulching (Figure 1 ), hereafter referred to as "Thinned" and "Stripped", respectively. (Table 1) . Two 30 m transects were established in each fuel-D r a f t treatment (including Control) and plots were set up every metre. Transects were orientated roughly north-south in all treatments, specifically to capture both treated and un-treated areas of the Stripped treatment. All pre-fire measurements were taken midday roughly 24 hrs prior to the experimental fire, while post-fire measurements took place within 48 hrs of the fire. Average wind speeds were between 14 and 19 km h -1 , with fluctuations of 3-6 km h -1 due to gusts during the fire passage through the treatments.
Fire weather and behaviour
Surface fuel load and condition
Surface temperature was measured for each plot between 10 am and 2 pm EST one day before the fire using infra-red imagery from a FLIR One camera attachment with a 0.1C thermal resolution. Mean and maximum plot temperature were recorded and transect measurement order was pseudo-randomized to minimize effect of time on temperature measurements. Mulch depth was recorded in all plots, and gravimetric water content (GWC) was assessed for 15 plots (0.3×0.3 m) per treatment. GWC of the mulch was assessed by weighing samples in the field, and then drying the samples at 65C until constant mass. Mulch samples were separated into upper (top 2 cm) and lower (everything below 2 cm) sections before weighing in order to D r a f t 8 calculate mulch bulk density and changes in GWC with depth. Mulch bulk density was assessed alongside mulch GWC. Peat volumetric water content (VWC) was measured separately in the top 0-3 cm and 0-6 cm using a ML3 theta probe in each plot. Apparent dielectric permittivity for the 0-3 cm measurements were corrected for the dielectric permittivity of air, with VWC calculated using a third order polynomial for poorly decomposed peat (Kellner and Lundin, 2001 ). Peat cores were taken to a depth of 30 cm from all treatments, they were separated in to 5 cm sections and then dried at 65C for 48 hours to assess bulk density with depth.
Burn severity and surface fuel carbon loss
Burn pins were installed every metre along each transect to measure depth of burn (DOB).
Depth of burn was calculated as the difference in height above the ground surface measured pre-and post-fire. In locations where the ground cover was mulch, the depth of mulch was recorded in order to partition DOB between mulch and peat. Carbon loss estimates of surface fuel (mulch and peat) were calculated using DOB and treatment average fuel bulk density. For peat fuel, the depth dependence of bulk density was also included. Where DOB was greater than pre-fire mulch depth it was assumed there was total mulch combustion. Typical loss on ignition (LOI) for moss, near-surface peat, and woody vegetation was evaluated by heating a small amount of sample in a muffler furnace at 550 C for 4 hours. Using a carbon content of 52 % for peat organic matter (Bhatti and Bauer, 2002) and 49 % for black spruce (i.e. mulch) (Matthews, 1993) combustion carbon loss was estimated using the product of LOI and carbon content.
Vegetation surveys
The dominant moss type was identified to family level within a 0.1 m radius of each burn pin.
In cases where moss cover wasn't homogeneous, co-dominant moss type was also recorded.
D r a f t
For cases where mulch completely obscured the underlying moss, moss type was identified in locations where near-surface VWC was measured (see above). Average distance to tree was calculated based on distance to nearest tree in four quadrants surrounding each burn pin. Tree diameter at breast height (DBH) was also measured for the closest tree in each quadrant using a tree calliper, with DBH measured to the nearest 1 mm. Canopy openness was measured along the transect using fish-eye photography, taken at breast height above the sub-canopy shrub layer. Relative differences in canopy openness were assessed by classifying images into tree and sky using colour and intensity threshold-based criteria in Gap Light Analyzer software (Fraser et al., 1999) .
Statistical analyses
In general, we report mean and standard deviation, but report median values when data is heavily skewed. A principal component analysis (PCA) (MATLAB pca) was used to identify candidate explanatory variables for predicting DOB. Variables were transformed to z-scores prior to running the PCA. Variables with similar vector loadings were considered redundant with one another, while variables with small loading were considered to have low explanatory power. A general linear model was used to predict peat DOB. DOB data was square-root transformed to satisfy assumption of normality and confirmed using the Shapiro-Wilk test (w=0.98, p=0.09). Our initial null model was constructed using only VWC as a continuous variable. An ANOVA was used to test whether other factors (i.e. DBH, average tree distance, canopy gap fraction, surface temperature, mulch depth, ice depth, moss species) had a significant effect on DOB. In cases where a significant effect was found a post-hoc Tukey test was then applied.
D r a f t Results
Above-ground fuel condition
Treatment had a significant effect on canopy openness (F 2,182 = 114.8; p <0.001) and average distance to tree (F 2,183 = 298.0; p <0.001), both increased from Control < Stripped < Thinned (Table 2) . While the Stripped treatment greatly reduced canopy fuel bulk density (Table 1) , the effect on treatment average canopy openness was comparatively small (Table 2) . While not expressly a component of the Thinned treatment, it appears that the Thinned treatment was biased towards leaving larger trees, where Tukey's HSD post-hoc test showed that DBH at the Thinned treatment was significantly greater than the Stripped and Control treatments (F 2,183 = 179.6, p <0.001).
Surface fuel condition
Where present, mulch depth tended to be deeper in the Thinned treatment (Table 2 ), although the difference was not significant (t 63 = 0.91, p = 0.38). Overall, relative mulch cover was lower in the Stripped treatment (Table 2 ), but when adjusted to account for un-mulched strips, the percent cover in treated strips itself was estimated to be 77 % compared to 66 % in the Thinned treatment. Gravimetric water content (GWC) of mulch was substantially lower in the top 2 cm (0.17 g water g -1 mulch,dry ) compared to mulch sampled below 2 cm (0.46 g water g -1 mulch,dry ), while average differences in GWC between fuel treatments was small for both mulch samples at 0-2 cm (0.01 g water g -1 mulch,dry ) and 2+ cm (0.06 g water g -1 mulch,dry ), respectively. Mulch bulk density averaged 74.3  34 kg m -3 across both fuel treatments.
Overall, median near-surface VWC of moss/peat tended to be relatively low (0.09 cm 3 cm -3 ),
where both treatment (F 2,368 = 43.3; p <0.001) and measurement depth (F 1,368 = 9.1; p = 0.003) had a significant effect on water content. In the fuel-treated areas, mulch presence had a (Table 2) . Moreover, the range of maximum measured temperature in plots with mulch were high and relatively narrow (~50-70 °C) compared to plots without mulch (~20-60 °C).
Surface fuel load
D r a f t
Depth of burn and carbon loss
Peat depth of burn (DOB) varied between fuel-treatments, where the Thinned treatment had significantly lower DOB than the Stripped treatment, and neither Thinned or Stripped treatment was significantly different to the Control (F 2,185 p <0.001) (Figure 3 ). Treatment median peat DOB were 55  51 mm, 50  54 mm and 31  33 mm for Control, Stripped and Thinned treatments, respectively. In developing a simple empirical model for DOB, a PCA was used to help select predictor variables (Figure 4 ). The first two principal components explained ~60 % of variance in the data set. VWC 0-3 cm and DBH were eliminated as potential predictor variables due to the close correspondence in loading vectors with VWC 0-6 cm and average tree distance,
respectively. General linear model analysis found that moisture content had the greatest effect on DOB, where moss type and mulch presence provided statistically significant additional explanatory power (Table S1 ). In particular, plots with Sphagnum or mulch present had lower DOB ( Figure 5 ).
Although peat DOB followed the trend Thinned < Stripped < Control, due to the higher bulk density of the near-surface peat in the Stripped and Thinned treatments, peat carbon loss followed the trend Control < Thinned < Stripped (Figure 6a et al., 2015) . Near-surface peat bulk density was greater in fuel-treated areas compared to the Control area, and compaction appears to be concentrated in the 5-10 cm depth interval (Figure 2) . Moreover, peat underlying the treated strips in the Stripped treatment had significantly greater bulk density than in the untreated strips. The use of heavy machinery to masticate the forest fuels likely compressed the underlying peat leading to the increase in bulk density. Although previous studies have not found this effect on upland soils (Stephens et al., 2012) we suggest this effect is due to the high porosity and compressibility of peat (Golubev and Whittington, 2018) , owing to relatively low strength even when frozen.
D r a f t
Fuel condition
The masticated surface fuels were exposed to more incoming solar radiation due to higher canopy openness in fuel-treated stands, and likely greater wind speeds due to less sheltering compared to the Control treatment, as a result of the removal of understory and canopy vegetation. This has been found to lead to increased evaporation and heating in fuel-treated areas . Average surface temperatures in the Stripped and Thinned treatments were significantly higher than in the Control treatment 24 hours prior to the burn, and temperatures were similar to those reported in other studies of mulch condition (e.g. . These higher temperatures could reflect the lack of evaporative cooling from the surface of the mulch due to its dry condition, which is likely in equilibrium with the atmosphere in fire-prone periods (Amiro et al., 2001) , making sustained ignition more probable (Schiks and Wotton, 2014) .
All treatments were dominated by feathermoss, where the Thinned area had the lowest proportion of Sphagnum moss, and the Control had the greatest proportion. Sphagnum moss had significantly greater moisture content than feathermoss in the top 6 cm; a trend which is often seen in peatlands (Swanson and Flanagan, 2001; Shetler et al., 2008) . Moss/peat becomes susceptible to combustion when the moisture content drops below a threshold, such that the energy required to drive off remaining water and raise the fuel to combustion temperature (>300 C), is exceeded by the energy output of the adjacent fire (Van Wagner, 1972; Benscoter et al., 2011) . Correspondingly, lower DOB was associated with the presence of Sphagnum moss ( Figure 5 , Figure S1 ).
Peat moisture content was significantly greater under the presence of a mulch layer and evidence of this "mulching effect" was also recorded within the mulch layer itself, where GWC D r a f t 15 below 2 cm was greater than GWC in the uppermost 2 cm, similar to Shicks et al. (2015) . The layer of mulch likely acted as an evaporative cap leading to increased moisture content of the near-surface peat (Price et al., 1998) . This was more prominent in the Thinned treatment, where peat VWC was significantly higher than in the Stripped and Control areas. Where mulch was present, the Thinned treatment had higher average VWC compared to the Stripped treatment.
This supports the observed weak positive relation between mulch depth and peat water content (Figure 4) . Although increased peat bulk density increases smouldering propagation potential, it is also associated with a decrease in pore-size distribution and increased moisture retention (Boelter, 1969; Sillins and Rothwell, 1998) which likely further increased the moisture content of near-surface peat in the Thinned treatment and mulched strips in the Stripped treatment.
Recent research by Golubev and Whittington (2018) found that compression of Sphagnum moss can increase unsaturated hydraulic conductivity by an order of magnitude, enabling better conductance of water to the surface of the moss. The combination of physical and environmental changes on the near-surface peat in fuel-treated areas likely facilitated higher moisture contents under high fire danger weather conditions.
Peat burn severity and surface fuel carbon loss
The flammability of the mulch is evidenced by the consumption of the full mulch depth in >99% of plots that had a mulch layer (n=120). Peat DOB followed the trend Thinned < Stripped < Control (Figure 3 ). The DOB in the Control treatment (55  51 mm) and Stripped treatment (50  54 mm) are similar to those measured in natural wildfires in untreated black spruce peatlands across the region (e.g. Benscoter and Wieder, 2003) , whereas in the Thinned treatment DOB was significantly lower (31  33 mm). DOB decreased as moisture content increased and therefore tended to be lower in Sphagnum moss than feathermoss (Figure 5 ), highlighting the importance of maintaining Sphagnum ground cover to reduce peat burn D r a f t severity (Shetler et al., 2008) . Overall, peat moisture content was the strongest predictor of DOB in all treatments (Table S1 ). High canopy openness values and a lack of mulch cover in fuel-treated areas were associated with higher DOB, likely due to increased evaporative losses and the subsequent effect on peat moisture content.
DOB in the Stripped treatment was similar to the Control but compaction lead to increased peat bulk density and therefore higher peat combustion carbon loss (Figure 6a ). The variability of fire behaviour in masticated fuel beds (Kreye et al., 2014) , and the preservation of a high canopy fuel load in un-treated strips may have contributed to a more intense fire in the Stripped treatment, while high canopy openness in treated strips lead to surface drying, leading to instances of high DOB. High peat burn severity can expose denser peat, leading to high nearsurface pore-water tensions, that are detrimental to the recovery of the keystone Sphagnum mosses (Thompson and Waddington, 2008) . Moreover, moderate burn severity or singeing of feathermosses can create an extremely hydrophobic post-burn surface that is difficult for secondary recolonization (Moore et al., 2017) , and can persist for years following wildfire (Mackinnon, 2017 ).
Due to the higher bulk density of peat in the Thinned treatment, peat carbon loss was similar D r a f t fuel-treated black spruce peatlands will follow a post-fire recovery trajectory similar to that of their natural counterparts (e.g. Benscoter and Vitt, 2008 ) and this will determine the long-term carbon dynamics of these ecosystems. Sources of uncertainty include the effect of residual mulch/charcoal on moss recovery and the effect of mulch combustion on the degree of hydrophobicity present at the peatland surface. We argue that longer-term studies of burned and unburned fuel-treated black spruce peatlands are needed to better understand the effects on long-term vegetation communities and the recovery of important ecological services.
Conclusions
Canopy fuel load was decreased by both Thinned and Stripped fuel treatments. Surface fuel load was increased in the Thinned and Stripped treatment areas by the conversion of stand and surface vegetation to a masticated fuelbed, and by the compaction of underlying peat. The combined effects of the mulch layer and enhanced moisture retention due to compression lead to the greater near-surface peat moisture content in the Thinned treatment, compared to the Control. Consequently, DOB followed the trend Thinned < Stripped < Control, with treatment average DOB within typical observed ranges for natural peatland wildfires. Surface fuel carbon loss (mulch and peat) was not significantly different between Stripped and Thinned fuel treatments but was significantly greater than losses from the Control treatment. Therefore, through the implementation of fuel treatments such as mulch-thinning, the challenges associated with high peat burn severity may be avoided in black spruce peatlands, however, the carbon losses incurred must be included in cost-benefit assessments before large-scale implementation is employed. Figure S1 Reduced depth of burn and fuel consumption in hummocks of Sphagnum moss and smouldering combustion in other peatland microforms. D r a f t Table 1 Pre-and post-treatment stand characteristics, and fuel loads assessed by field sampling by Alberta Wildland Fuels Inventory Program crews in 2013 and 2015, respectively. Average (± standard deviation). Table 2 Average (± standard deviation) surface fuel characteristics aggregated to the treatment level. 
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